a Three types, esters, amides and 1,2,3-triazoles, of ferrocenyl-podophyllotoxin conjugates were synthesised, and their anticancer activity was evaluated. We observed that the most potent ferrocenyl derivatives were esters. Esters 15, 16 and 17 acted in a similar way to podophyllotoxin, i.e. reduced the number of G1 phase cells and induced G2/M blockage, while esters 14 and 18 and amide 19 blocked cells in S phase in a similar manner to etoposide.
Introduction
Native Americans used mandrake (Podophyllum peltatum) as an emetic, cathartic and anthelmintic herb. It was also used to treat warts and other proliferative skin conditions. In 1946, King and Sullivan demonstrated that an alcoholic extract of mandrake roots and rhizomes (called podophyllin) has colchicine-like properties. 1 The active substance, podophyllotoxin (PPT) (Fig. 1) , was further shown to compete for the colchicine-binding site of microtubules 2 and thus lead to G2/M blockage of the cell cycle. But the high systemic toxicity of PPT prevents the using of this compound in cancer medicine. Therefore, a series of its semisynthetic derivatives, including etoposide and teniposide ( Fig. 1 ), were developed, and these are currently used as chemotherapeutics. The mode of action of the aforementioned compounds differs from that of PPTthey are known to induce single-and double-strand DNA breaks leading to the accumulation of cells in S and G2 phases. 3 The cellular target of etoposide and teniposide is topoisomerase II 4 -an enzyme responsible for the relief of torsional stress that occurs during DNA transcription and replication.
The success of podophyllotoxin-based anticancer drugs in chemotherapy encouraged scientists to search for new derivatives of PPT as anticancer drug candidates. Its structureactivity relationship (SAR) indicated that lactone and benzo [d] 1,3-dioxolane moieties play a crucial role in the anticancer activity of PPT. Therefore, most of the current modifications of the PPT structure focus on 4-hydroxy and 4′-methoxy moieties. 5 Simple esterification of a 4-hydroxy moiety with acrylic acids 6 leads to potent anti-multidrug resistance (MDR) agents.
Other ester conjugates of podophyllotoxin exhibit promising anticancer properties, e.g. conjugates with norcantharidin, 6a 5-fluorouracil, 7 and alkanoic acids. 8 Some amide derivatives of PPT, e.g. the spermidine derivative, 9, 10 are currently under testing in phase 1 clinical trials. 1,2,3-Triazolyl 11 and 1,2,3,4-tetrazolyl 12 linkers have also been successfully used in the construction of promising new podophyllotoxin-based active anticancer compounds.
The success of cisplatin in the treatment of cancers initiated an intensive search for new metal-based compounds for use as potential antibiotic or cytostatic agents. 13 To date, many chemically diverse ferrocenyl compounds with promising anti-cancer, 14 anti-bacterial 15 and anti-malarial 16 activities have been synthesised. Very recently, Jaouen et al. described the synthesis of O-ferrocenoylpodophyllotoxin; however, they only studied the cytotoxic properties of this compound towards two breast cancer cell lines. 17 Ferrocenyl derivatives and analogues of antimitotic drugs are able to show novel and unexpected properties.
14c, 18 We have demonstrated that a ferrocenyl analogue of paclitaxel is more potent in terms of its antiproliferative activity than the mother compound. 18 In addition, a ferrocenyl analogue of another mitotic spindle toxin ( plinabulin) is not only highly active in multidrug resistant cells but directly inhibits MDR proteins. 14c The latter results encouraged us to study the effect of the ferrocenyl moiety on the antiproliferative activity of podophyllotoxin. Herein we describe the synthesis and study of the cytostatic and cytotoxic properties of a series of ferrocenyl derivatives of podophyllotoxin ( Fig. 2 ) towards a set of human cell lines, including multidrug resistant cells obtained via a stepwise selection with widely used chemotherapeutics.
In addition, we also studied the effects of the metallocene moiety on cell cycle progression and tubulin polymerization.
Results and discussion

Synthesis
In order to investigate the influence of the ferrocenyl moiety on the cytotoxic properties of 1, three types of ferrocene-podophyllotoxin conjugates were synthesised starting from 1, azido 4 and amino 5 derivatives of podophyllotoxin (Fig. 2) . First, the reaction of 1 with sodium azide in trifluoroacetic acid at RT led to 4-azido-4-deoxy-4-epipodophyllotoxin 4 in 90% yield. 19 Further reduction of the azido group by hydrogen in the presence of 10% of palladium on carbon in ethyl acetate at RT gave the corresponding 4-amino-4-deoxy-4-epipodophyllotoxin 5 in 85% yield (Scheme 1). O-Acylation of 1 with ϖ-ferrocenylalkanoic acids and N,N′-diizopropylcarbodiimide (DIC) and 4-dimethylaminopyridine (DMAP) carried out in dichloromethane at RT for 24 h gave the corresponding esters 14-18 in 80-85% yields (Scheme 3).
Amide conjugates of podophyllotoxin were prepared in good yield in a reaction of 5 with ferrocenecarboxylic acid, 3-ferrocenoylpropionic acid 7 and 4-ferrocenylbutyric acid 11 using BOP and DIPEA as coupling reagents. Reactions were carried out at RT in acetonitrile for 20 min and the corresponding amides 19-21 were isolated in 70%, 52%, and 72% yields, respectively (Scheme 4).
In order to synthesise 1,2,3-triazole conjugates of podophyllotoxin, first we prepared ϖ-alkynoylferrocenes 26-28 via the Friedel-Crafts acylation of ferrocene with ϖ-alkynoic acids 22-24 in the presence of trifluoroacetic anhydride and triflic acid (Scheme 5). 24 Then, ethynylferrocene or 26-28 reacts with azide 4 in the presence of TTTA, copper(II) sulphate and sodium ascorbate in a mixture of methanol and water to give the corresponding 1,2,3-triazoles 29-32 in 86%, 75%, 32%, and 17% yields, respectively (Scheme 6). The structure of compound 29 was confirmed by X-ray analysis. Crystals suitable for X-ray analysis were obtained by slow diffusion of n-pentane into a dichloromethane solution of 29. Compound 29 crystallised in the chiral P 1 space group in a triclinic system. The cell unit comprises two independent molecules of compound 29 and two molecules of the solvent -dichloromethane. The crystal structure is chirally pure, with the following absolute configurations at the appropriate asymmetric carbon atoms: C13 (S), C14 (S), C17 (R), C18 (R), and analogously C53 (S), C54 (S), C57 (R), and C58 (R). The ORTEP representations of both molecules, with appropriate number- ing, are presented in Fig. 3 . As can be seen, X-ray analysis confirmed the inversion of the configuration of C-4 (here denoted as C13 and C53 in molecules A and B, accordingly) with respect to 1.
The two independent molecules of 29 share several structural features. In both molecules, the 1,2,3-triazole moiety is inclined approximately 20-30 degrees with respect to the cyclopentadienyl ring, with the C-H group pointing below the plane of the cyclopentadienyl ring. The planes of the 1,2,3-triazole ring, podophyllotoxin core and 3,4,5-trimethoxyphenyl moiety are almost perpendicular to one another. Structural differences between the two independent molecules are significant even if small, and manifest mostly in the following molecular fragments: (1) the terminal methoxy groups in the two molecules are rotated slightly differently with respect to the benzene ring they are connected to; and (2) the ferrocenyl moieties in the two molecules are slightly differently tilted with respect to the triazole ring; the effect is best visible in Fig. 4 (overlay of the two independent molecules): C2-C1-C11-N1: −160.98(18)°, C42-C41-C51-N4: −148.7(2)°; the ferrocenyl moiety in molecule B represents a conformation close to eclipsed, while in the case of molecule A the two cyclopentadienyl rings are significantly rotated with respect to each other: C41-Ct3-Ct4-C42: −7.1(5)°, C1-Ct1-Ct2-C6: −21.4(5)°; the C22 methylene group in molecule A is almost co-planar with the adjacent aromatic ring; the C22 atom shows a relatively elongated atomic displacement ellipsoid, which suggests possible slight disorder of the methylene, with alternative positions pointing either towards the ferrocenyl moiety or the 3,4,5-trimethoxyphenyl moiety. In contrast, the analogous C62 methylene group in molecule B is decidedly puckered towards the ferrocenyl moiety.
Cytotoxic activity
The cytotoxic activity of the investigated podophyllotoxin analogues was studied in a set of cell lines derived from human tumours of different tissue origin: colorectal adenocarcinomas Colo 205, HCT 116 and SW620, alveolar basal epithelial cell adenocarcinoma A549, hepatocellular carcinoma Hep G2 and breast adenocarcinoma MCF7. Additionally, we employed a panel of five MDR cell lines derived from SW620 which overexpress various ABC proteins, namely ABCG2 (SW620C line), ABCC1 (SW620M and SW620E lines) and ABCB1 (SW620D, SW620E, and SW620 V lines). 25 None of the analysed substances were more active than podophyllotoxin (IC 50 values of PPT were always below 10 nM; except for Colo 205, where cell survival dropped to 60% at 10 nM and remained constant up to 30 µM, results not shown); however, they were more toxic than etoposide. The most active of the newly synthesised compounds, however, were the esters 16 and 17 with a ferrocenoyl moiety (IC 50 in the range between 0.11 and 0.68 µM; Table 1), followed by 15, 18 and 14. Amides 19-21 were poorly toxic, while of the four 1,2,3-triazoles only 31 and 32 exerted any biological effects in the micromolar range. None of the basic cell lines studied were specifically prone to the action of the compounds tested.
MDR cells seemed not to be significantly more resistant than the parental cell line to the investigated substances ( Table 2 ). The SW620E cell line was originally obtained via a stepwise selection with etoposide and was roughly 9 times more resistant to 2 than the parental cell line (IC 50 of 140 µM vs. 16 µM, assayed by MTT-reduction assay). 25 In the current experimental setup, the resistance ratio of SW620E towards etoposide is slightly lower (the resistance factor value is approx. 7), but we employed a different viability assay here (neutral red uptake). Both parental and etoposide-resistant cells seem to be comparably sensitive to 14, 17, 18, 31 and 32, while the resistance ratio to 15 and 16 is between 2 and 3. All other MDR cell lines are as susceptible to ferrocenyl-podophyllotoxins conjugates as the parental cell line.
Cell cycle effects
Podophyllotoxin is a potent disruptor of microtubules and thus it prevents cells from completing cell division. Therefore, we studied the effects exerted by ferrocenyl-podophyllotoxins conjugates on SW620 and SW620E cells (Fig. 5 ). Esters 15, 16 and 17 act in a way similar to podophyllotoxin, reducing the number of G1 phase cells and inducing G2/M blockage. On the other hand, esters 14, 18, and amide 19 tend to block cells in the S phase in a similar manner to etoposide 2 (although this effect is not pronounced). Such an outcome is clearly manifested in parental cells; however, the rate of G2/M blocked cells is also slightly increased in the SW620E line exposed to 15, 16 and 17. 
Tubulin polymerization
In order to test whether the observed cell cycle disturbance results from direct interactions between ferrocenyl-podophyllotoxin conjugates and microtubules, we decided to investigate the tubulin polymerization rate. Tubulin subunits spontaneously polymerize at 37°C and this process can be either augmented by taxol or attenuated by vincristine. 26 Therefore, we decided to employ both compounds as controls and studied the ability of newly synthesised organometallic podophyllotoxins to interfere with tubulin polymerization (Fig. 6 ).
We observed that only esters exerted notable inhibitory effects on tubulin polymerization (Table 3 ). The most active compounds were 15, 16 and 17, the latter one being as efficient as podophyllotoxin. These results are fully compliant with the cell cycle data.
Stability towards ester bond cleavage exhibited by esterases
Esterases are ubiquitous in the cell. Thus, one could argue that the biological effects observed for ferrocenyl esters of podophyllotoxin actually result from the action of podophyllotoxin which is released after the digestion of the ester bond. To verify this hypothesis, we incubated the esters with crude cell extract obtained by sonication of Hep G2 cells at pH 7.4. Sonication releases esterases from native cellular compartments resulting in the formation of a highly reactive enzymatic mixture. No protease inhibitors were added to avoid nonspecific blockage of hydrolytic enzymes. None of the esters used in this study were cleaved to release PPT during a 2 hour incubation at 37°C (Fig. S1 †) while Oregon Green diacetate used as a positive control was completely hydrolysed within minutes. This result strongly suggests that the investigated podophyllotoxin esters are stable under biological conditions. Therefore, it may be implied that the ester form is actually their active form in the cells. Similar results are reported for other PPT esters, e.g. podophyllotoxin acetate, which are themselves believed to exert cytotoxic effects. 
Conclusions
We synthesised three series of ferrocenyl-podophyllotoxin conjugates: esters, amides and 1,2,3-triazoles. We found that the cytotoxic activity strongly depends on the type of linker between the metallocenyl and podophyllotoxin moieties. Of the compounds tested, only podophyllotoxin esters exerted significant biological effects on a number of cell lines, while amides and triazoles were significantly less cytotoxic. Their mechanism of action was similar to the action of the parental compound, as they efficiently disturbed tubulin polymerization leading to cell cycle inhibition. The synthesised compounds were also active towards multidrug resistant cells, including the etoposide-resistant SW620E cancer cell line, which makes them promising candidates for future research. O-(4-Ferrocenylbutyroyl)podophyllotoxin 15. This compound was synthesized in 86% yield (139 mg) according to general procedure A starting from 99 mg (0.362 mmol) of 4-ferrocenylbutyric acid. Mp (4′-OCH 3 ), 56.2 (3′ and 5′-OCH 3 ), 45.6 (C-2), 43.8 (C-1), 38.8 (C-3), 33. General procedure B -synthesis of amides 19-21
4-Amino-4-deoxy-N-ferrocenoyl-4-epipodophyllotoxin 19. To a mixture of 50 mg (0.121 mmol) of 4-amio-4-deoxy-4-epipodophyllotoxin 5, 30 mg (0.131 mmol) of ferrocenecarboxylic acid, 59 mg (0.133 mmol) of BOP in 5 ml of anhydrous acetonitrile was added 31 mg (42 µl, 0.240 mmol) of DIPEA and the resulting solution was stirred at RT for 40 min. Then the solvent was evaporated to dryness and the crude product was purified by column chromatography on silica (50 ml) using a gradient of dichloromethane-methanol starting from 0 to 3% of methanol. Pure product was obtained as a yellow powder in 70% yield (53 mg). Mp 254-256°C (dec.); elemental analysis found: C, 61.1; H, 5.6; N, 2. General procedure C -synthesis of 1,2,3-triazoles 29-32
4-Deoxy-4-(4-ferrocenyl-1H-1,2,3-triazol-1-yl)-4-epipodophyllotoxin 29. 100 mg (0.228 mmol) of 4-azido-4-deoxy-4-epipodophyllotoxin 4 and 46 mg (0.219) of ethynylferrocene were dissolved in 10 ml of methanol and 2 ml of water. To the resulting solution, a freshly prepared solution of 0.5 ml of 0.1 M CuSO 4 and 0.5 ml of 0.1 M sodium ascorbate and 0.23 ml of 0.01 M TTTA was added. After 20 h of stirring at RT, 50 ml of water was added and the product was extracted with ethyl acetate. The extract was washed twice with water and brine, dried and evaporated to dryness. Chromatography on silica using dichloromethane-ethyl acetate 85 : 15 as the eluent gave pure product in 86% yield (122 mg). Mp 
Viability assay
Solutions of all the tested compounds were prepared freshly for every experiment and processed immediately. Stock solutions were prepared in DMSO and all compounds were added to cells to a final DMSO concentration of 0.2% (v/v), while controls were incubated with 0.2% DMSO alone. The chosen DMSO concentration was determined to be non-toxic to the cells. The drug sensitivity of the cell lines was determined using the neutral red uptake assay. 29 Briefly, cells were seeded on 96-well plates at a density of 10 000 per well and 24 h later were treated with either the control or the test compound at a desired concentration. After 70 h of incubation, neutral red was added to the medium to a final concentration of 1 mM. After 2 h of incubation, the cells were washed with PBS, dissolved in 200 μL solubilisation solution (1% HOAc (v/v) in 50% EtOH (v/v)) and shaken for 10 min, until the neutral red was extracted from the cells. The absorbance was measured at 540 nm with an EnVisionMultilabel Plate Reader (PerkinElmer). The results were calculated as a percentage of the controls and the IC 50 values for each cell line and substance were calculated with GraphPad Prism 5.02 software (GraphPad Inc.) using fourparameter non-linear logistic regression.
Tubulin polymerization assay
The tubulin polymerization rate was determined using a fluorescence-based tubulin polymerization assay (Cytoskeleton, Inc., cat. no. BK011P) according to the manufacturer's instructions. The investigated compounds were tested over the con-centration range 0.1-30 µM using freshly prepared DMSO stock solutions and the final DMSO concentration of 1% was kept constant across all samples. Paclitaxel was used as a positive control for tubulin polymerization and the results were compared to the solvent control (buffer + DMSO). The fluorescence was measured at 37°C for 120 min at 355/40 nm excitation and 430/8 nm emission wavelengths using an EnVisionMultilabel Plate Reader (PerkinElmer).
Cell cycle analysis
Exponentially growing cells (100 000 cells per well seeded in 6-well plates 24 h before time 0) were treated with 10 nM of the test compound for 48 h. Cells were then harvested by trypsinisation, washed twice with ice-cold PBS and fixed in 70% ethanol. After storing the cells for at least 8 h at 4°C, they were stained with a propidium iodide staining solution (75 µM propidium iodide and 50 Kunitz units per mL of RNAse A in PBS) for 30 min at 37°C. The samples were analysed on an LSRII (Becton Dickinson) instrument and cell cycle phase distributions were determined with FlowJo 7.6.1 software (FlowJo, LLC) using a built-in cell cycle analysis module (Watson pragmatic algorithm).
Investigation of cellular esterase effects on ferrocenyl esters
Roughly 20 million Hep G2 cells were harvested via trypsinisation and centrifuged (100g for 10 min at RT). The supernatant was removed by aspiration and the cell pellets were suspended in 1 mL of ice-cold MilliQ-quality water. The cells were placed on an ice-bath and sonicated (2 min of maximum power). The cells were inspected under a microscope and no intact cells were found in the resulting crude cell homogenate. No protease inhibitors were added to the homogenate to avoid nonspecific inhibition of other hydrolases. A volume of 100 µL of crude cell extract was mixed with 100 µL of DMEM for pH stabilisation and then the investigated compound was added from the DMSO stock solution to a final concentration of 1 mM. The final concentration of DMSO in the sample was 1% v/v. The mixture was incubated at 37°C and samples were taken after 1 h and 2 h of incubation. A volume of 100 µL of sample was mixed with 100 µL of ice-cold 10% w/v solution of TCA in water and allowed to incubate for approx. 10 min on ice to precipitate proteins. The sample was centrifuged (10 000 RPM for 10 min at RT) and the supernatant was carefully aspirated, filtered through a 0.22 µm PTFE filter and processed via HPLC. The DMSO extract of the protein pellet was also prepared and analysed via HPLC. Oregon Green diacetate was used as a positive control for esterase activity. It was completely digested after 1 h of incubation with crude cell extract.
